Introduction.
The rapid population growth and urban concentration, the increase in industrial activity and consumption patterns, especially in developing countries, contribute to the serious problem of solid waste generation. Mishandling of this wastes directly affects environmental degradation and deterioration of public health. For that reason, it is important to develop strategies to minimize these negative effects and recover valuable elements contained in residues, so that they can be properly reinserted back into the consumption cycle.
A low abundance and high cost precious metal element belonging to the platinum group metals is ruthenium. This metal has many industrial uses in the electronics, chemistry and metallurgy Cotton (1997) ; Over (2012) ; Ran et al. (2013) . RuO 2 is used as a catalyst material for Cl 2 production according to the Deacon reaction López et al. (2008) , and in electrocatalysis where RuO 2 −TiO 2 coated titanium anodes are industrially used for chlorine evolution in NaCl electrolytic cells Panić et al. (1999) ; Arikawa et al. (1998) . Especially in the last years, the range of applications has expanded rapidly. Recent applications include RuO 2 thin films used as electrode materials in advanced memory technologies Musić et al. (2004) , and all solid state supercapacitors for energy storage Dubal et al. (2013) , among others.
Ruthenium chloride is a layered compound of interesting fundamental properties and increasing importance in surface science and chemistry. It is used in catalysis in organic synthesis Lowe (2007) and in nanocomposite hybrid materials Wang et al. (2000 Wang et al. ( , 1998 A possible methodology that could be employed to recover ruthenium from waste generated in the aforementioned applications, (i.e. spent catalysts and electronic scraps) and produce ruthenium chloride is dry chlorination. To design a recuperation process of that kind, a thorough understanding of the kinetics and reaction mechanism of the chlorination reactions implied in the recovery process, such as RuO 2 chlorination is necessary.
The superficial physicochemical interaction between RuO 2 -HCl and RuO 2 -Cl 2 at 623 K has been investigated in catalysts characterization studies Over (2012); Hevia et al. (2010) . These authors reported the formation of stable oxychlorides RuO 2-x Cl x only at surface level.
No information is available regarding the fundamental kinetic parameters and reaction mechanisms of the bulk chlorination reaction of RuO 2 with gaseous chlorine. The present work is concerned with these aspects which are still unknown.
Methodology.
The gases used were Ar 99.99 % purity (AGA, Buenos Aires, Argentina) and Cl 2 99.8 % purity (INDUPA, Buenos Aires, Argentina). As solid reagent, powder of RuO 2 99.9 % purity (Sigma -Aldrich , Co., USA) was used. A BET area of 9.8 m 2 g -1 for the RuO 2 powder was determined with a Micromeritics analyzer (ASAP 2020). The materials were characterized by x-ray diffraction (XRD, Bruker D8 Advance), Scanning Electron Microscopy (SEM 515, Philips Electronic Instruments) and Energy Dispersive Spectroscopy (EDAX Genesis 2000). Isothermal and non isothermal chlorination reactions were conducted in a termigravimetric analyzer (TGA) especially adapted to work with corrosive atmospheres. It consists of an electrobalance, a gas line and an acquisition system. This system is constructed based on an electrobalance Cahn 2000. The electrobalance has a sensitivity of 0.1 μg and mechanical and electrical tares of 1 g and 100 mg respectively. The samples were placed in a quartz crucible hanging from a quartz wire in one of the arms of the balance. The mechanical tare hangs from the other arm of the balance. A vertical quartz tube leads the gases to the sample. The temperature of the sample was measured using a thermocouple Pt-Pt (10% Rh) encapsulated in quartz, which is located 5 mm below the crucible. This experimental system has a sensitivity of 5 μg operating at 1223 K (950 °C) with a flow rate of 8 L h -1 . Three sizes of containers were used to study the mass transfer of chlorine in the gas phase towards the solid sample, they consisted of quartz crucibles of different wall heights (0.9, 3.1 and 6.2 mm), hereinafter identified as low, medium and high crucible respectively. Samples of 0.5 to 5 mg of RuO 2 were used. For non-isothermal measurements, the samples were heated in chlorine atmosphere at a heating rate of 205 K h -1 . For isothermal experiments, samples were heated for one hour in Ar up to the reaction temperature, and then the flow of chlorine was injected into the reactor. This procedure was employed to analyze the influence of the gas flow rate, initial mass of sample, type of crucible, and the temperature in the reaction rate.
Using separation of variables the reaction rate of a heterogeneous gas-solid reaction can be mathematically described by J. Szekely (1976) :
Where α is the reaction degree defined as the ratio between the mass change and the initial mass ((m 0 − m)⁄m 0 ), F(α) is a function describing the geometric evolution of the solid during the reaction, K(T) is the temperature dependence according to the Arrhenius equation, and F(P Cl2 ) expresses the dependence on chlorine partial pressure.
Results and Discussion.

Initial RuO 2 characterization
RuO 2 is bluish black and has the crystal structure of rutile Cotton (1997) . SEM images of the solid are shown in Figure 1 (a), it can be seen that the grain size is in the order of nanometers. Figure 1(b) shows the diffraction pattern of a RuO 2 sample, the peaks observed are in accordance with the corresponding reference pattern which is also shown in Figure 1 (b). 
Thermodynamical Analysis
The thermodynamic feasibility of different reactions between RuO 2 and Cl 2 was analyzed using the HSC Chemistry software Research (2007) . The simulated experimental system was a gas-solid heterogeneous reaction. The following stoichiometric reactions were considered: In the Ellingham diagram of Figure 2 it can be seen that no reaction is expected to proceed spontaneously and that equation 4 has the lower ΔG° value throughout the whole temperature range. However, considering that this reaction corresponds to formation of a solid product, it is to be expected that its accumulation would discourage the shift of this reaction towards product formation. The phase diagram (Figure 3(a) ) indicates that in chlorine atmosphere (about 1 bar of pCl 2 at 1173K) and very low partial pressure of oxygen (pO 2 = 10 -20 bar) the α phase of RuCl 3 can be obtained.
Of all the reactions yielding gaseous products, equation 3 has the lower ΔG° value. In this case, the gaseous product is quickly removed by the gas stream which enhances the reaction towards products formation. Anhydrous RuCl 4 has not been reported in solid state, it has been isolated only in hydrate form F.A. Cotton (1979) . According to the reactions shown in Figure 3 (b) when decreasing temperature, decomposition of RuCl 4 into solid β-RuCl 3 would be feasible. 
Reaction Products Identification
In the termogravimetric measurements presented below, sample mass loss is observed as the reaction progresses, which confirms the formation of gaseous products. To identify the products, the reaction was conducted in a tubular reactor which allows to condense and collect the vapors formed during the reaction. In the thermodynamic analysis, formation of ruthenium oxychlorides was not considered because thermodynamic data needed for equilibrium calculations are not available for these compounds. However it is not possible, at this point, to rule out formation of oxychlorides during chlorination reactions. The reaction product obtained is a dark brown and opaque condensate. It is unstable at ambient conditions, it is hydrolyzed in contact with atmospheric humidity and oxidized by atmospheric oxygen. It is therefore necessary to work inside a glove box with controlled atmosphere conditions. Xray diffraction was performed in a special sample holder suitable for hygroscopic samples built in the laboratory. Figure 4( Cotton (1979) ; K. Seki (2008 Seki ( , 2010 . However, ruthenium oxychloride patterns are not reported in the database, with the only exception of RuOCl 2 which does not match with the xrd profile obtained. Hyde et al. (1965) investigated the differences between the structures of α and β phases of RuCl 3 . They found that the β phase is dark brown, opaque and has hygroscopic characteristics that match the sample obtained in this work. Some publications report the formation of RuCl 2 by reaction of metallic ruthenium with Cl 2 or Cl 2 -CO mixture. However, such results are not clear Hyde et al. (1965) . Steffen and Schllhorn (1986) characterized the β-RuCl 3 as strongly hygroscopic and easily soluble in water and polar organic solvents, and the α-RuCl 3 as not soluble in such solvents Steffen and Schllhorn (1986) .
The chlorination product was collected inside the glove box and was placed in a new silicon crucible, which was introduced back into a horizontal tubular reactor. A heat treatment was performed at 793 K (520 °C) in Cl 2 atmosphere for 4 hours. After this, a black solid was obtained which is stable at atmospheric conditions, no volatilization was observed as solid deposition in the cold zone of the reactor. According to the literature, the β form of RuCl 3 transforms into α by heating at 723 K (450 °C) in Cl 2 atmosphere. The latter phase has an appearance of very shiny black flakes, and a layered structure F.A. Cotton (1979) . Figure 4 compares the xrd profiles of the reaction product (a) before and (b) after the heat treatment in chlorine. In Figure 4 (b) it can be seen that the heat treated product is in accordance with the reference pattern 00-036-1225 of α-RuCl 3 .
α-crystals of RuCl 3 are shown in Figure 5 . They consist of thin sheets of different sizes. In the picture on the right, hexagonal crystals of approximately 50 μm in size can be seen. Steffen and Schllhorn (1986) obtained the same phase in the form of hexagonal thin single crystals by ruthenium chlorination. The crystals obtained by that reaction were larger (10 mm). The same authors found that the symmetry of the unit cell is hexagonal and the crystal structure is of the type CdI 2 Steffen and Schllhorn (1986) . The crystallographic system of RuCl 3 diffraction pattern corresponding to the phase obtained by us is not reported. 
Thermogravimetric Analysis
The starting temperature for RuO 2 chlorination reaction was determined by non-isothermal thermogravimetric (TG) measurement. Figure 6 shows the mass change relative to the initial mass of the sample as a function of temperature. The reaction starts at about 983 K (710 °C) where the begining of the mass loss was observed. The relative mass increase observed before that temperature is due to variations in gas density causeed by the temperature increase.
To identify the reaction conditions in which the reaction rate is controlled by intrinsic chemical kinetics, the effects of gas flow rate, crucible geometry and initial sample mass were studied. For the gas flow it was obtained that the reaction rate (dα⁄dt) is independent of the flow for values greater than 4 L h -1 for temperatures up to 1073 K (800 °C). However, for the crucible wall height (Figure 7 ) and the initial mass of sample (Figure 8 ), decreasing the wall hight and the sample mass to the corresponding minimum possible values in the experimental system was not enough to achieve independence of the reaction rate. These results indicate that gaseous mass transfer affects the reaction rate and so the kinetic parameter calculated (activation energy) corresponds to an apparent value and not to the intrinsic value of the chemical reaction. Figure 7 shows the effect of crucible height. Reducing the wall's height lowers the rate of gaseous transfer of reactant towards the surface of the sample (because the thickness of the fluidynamic boundary layer around the crucible decreases). Consequently, the low crucible shows the highest rate of conversion. Figure 8 shows the TG curves for the chlorination of different initial masses of RuO 2 using the medium crucible. An increase in the reaction rate when decreasing the sample mass can be seen. The velocity values obtained for initial masses of 1 and 0.5 mg differ by a value greater than the instrumental scattering, thus, this difference cannot be neglected. For the low crucible ( Figure 9 ) an increase in the reaction rate (greater than the experimental scattering) was also observed when decreasing the sample mass. It is not possible to work with initial masses lower than 0.5 mg since measurements are not reproducible.
Isothermal chlorination reactions were carried out between 998 and 1123 K (725 and 850 °C), with 0.5 mg of initial mass, 4 L h -1 of gaseous flow and 35 kPa of Cl 2 partial pressure. The reactions were performed with the medium crucible because it has better reproducibility. Rearranging Equation 1, and integrating up to different reaction degree values (α) and the corresponding values of time required to reach that degree of conversion (t α ), the activation energy from the slope of the lnt α vs T -1 plot can be obtained Flynn (1988) .
Where E a is the activation energy, R is the universal gas constant, Aa constant, and T the reaction temperature. Figure 10(a) shows the linear fit of the data for different values of α.
Figure 10(b) shows the activation energy and the calculated fitting error for each value of α. An average activation energy of 173±8 kJ mol -1 were calculated. Since the reaction rate is influenced by mass transfer in the gas phase and as all oxide chlorination reactions for which thermodynamic data are available have positive ΔG° values, i.e. small equilibrium constant, the apparent activation energy value should approximate the standard enthalpy change of reaction Sohn (2004) . However, the value obtained is not consistent with the values of enthalpy change corresponding to equations 2 and 3 raised in section 3.2. This difference could be indicating that during the chlorination, gaseous oxychlorides for which thermodynamic data are not available, are also being formed.
Conclusions.
In the present work we studied the chlorination reaction of RuO 2 whose kinetics and mechanism is not reported in the literature. The starting temperature for the reaction associated with the reactivity of the oxide, was determined at 983 K (710 °C). A thermodynamic analysis was performed to determine the feasibility of the reaction and the expected chlorination products. Products obtained from the chlorination reaction at temperatures between 998 and 1123 K (725 and 850 °C) are volatile, so it was necessary to perform experiments in reactors that allow condensating and collecting the vapours for identification. Due to the instability of this condensate with respect to moisture and oxygen, it was necessary to work under atmosphere controlled conditions. β-RuCl 3 could been identified as one of the reaction products. The presence of oxychlorides could not been confirmed so far. By heat treatment in chlorine atmosphere of the reaction products (maintained under controlled atmosphere) the stable phase α-RuCl 3 was obtained. Hexagonal crystals were observed with a size of about 50 microns. The kinetics of the chlorination reaction was investigated and a value of the apparent activation energy of 173 ± 8 kJ mol -1 was obtained. Being a reaction with small equilibrium constant and affected by the mass transfer, this value could correspond to ΔH ° of oxychloride formation reaction or a combination of chlorides and oxychlorides.
